Abstract-In this paper, we investigate the reduction of the shadowing fading margin that can be achieved with interburst upper layer forward error correction (UL-FEC) in terrestrial mobile broadcast systems with time slicing (i.e., discontinuous transmission). A theoretical framework is derived, for both streaming and file delivery services, as a function of the number of bursts jointly encoded, the UL-FEC code rate, the shadowing standard deviation, and the ratio between the moved distance by the user during the cycle time between bursts and the shadowing correlation distance. Results are validated with Digital Video Broadcasting-Handheld (DVB-H) and DVB-Satellite to Handhelds (DVB-SH) laboratory measurements. 
I. INTRODUCTION

I
N wireless communications, mobile users typically experience signal fading effects due to the superposition of multiple propagation paths between the transmitter and the receiver. In general, it can be distinguished between slow or long-term fading due to local shadowing effects, which is commonly known as shadowing, and fast or short-term fading due to the coherent superposition of the signals reaching the terminal, which is commonly known as fast or multipath fading [1] . Shadowing implies significant variations of several decibels over distances of several tens of meters (comparable with the widths of buildings in the region of the mobile), whereas fast fading involves variations on the scale of a half-wavelength and frequently introduces variations as large as 35-40 dB.
Signal fading can be compensated with forward error correction (FEC) with time interleaving large enough to essentially average out the fading statistics. FEC mechanisms rely on the transmission of redundant repair information (parity data) such that the receiver can correct errors that occurred during the transmission. For the FEC code to be efficient, the different code symbols should ideally experience uncorrelated fading. In this case, it is possible to cope with erasure rates as large as the inverse of the code rate. Otherwise, the efficiency of the FEC mechanism is reduced.
In the case of fast fading, relatively short time interleaving is usually required to eliminate it (on the order of few to several milliseconds, depending on the user velocity and operating frequency). This is traditionally done at the physical layer as part of the radio interface for wireless communication systems. This is typically not a feasible way to cope with shadowing due to memory and latency constraints. The memory requirement is directly proportional to the service data rate, the interleaving duration, the proportion of parity data transmitted, and the interleaver profile. On the other hand, terminals should in principle wait and store all data jointly encoded before decoding. The traditional approach to cope with shadowing consists of adding an extra fading margin of several decibels to the link budget to assure reliable communication with a given probability at the cell edge. Nevertheless, for mobile users, it is in principle possible to reduce the required fading margin by exploiting the time diversity of the mobile channel using an FEC scheme spanning a sufficiently long time. Recent advances in FEC have made this possibility a reality.
Today, newly deployed mobile Digital Video Broadcasting (DVB) standards such as DVB-H (Handheld) [2] and DVB-SH (Satellite to Handhelds) [3] define FEC schemes with long time interleaving profiles to exploit the time diversity of the mobile channel.
1 These mobile broadcasting technologies are characterized by a discontinuous transmission technique, known as time slicing, where data are periodically transmitted in so-called bursts. Hence, these FEC schemes are usually referred to as interburst FEC. For file download services, both DVB-H and DVB-SH adopt application-layer FEC (AL-FEC) using raptor coding [5] . For streaming services, in DVB-SH, it is possible to provide long time interleaving together with fast zapping support either at the physical layer or at the link layer. Physical-layer FEC outperforms link-layer FEC at the expense of higher memory requirements [6] . The link-layer FEC mechanism is known as multiprotocol encapsulation interburst FEC (MPE-iFEC) [7] , and it specifies two coding schemes: one mandatory using sliding Reed-Solomon encoding and another optional using raptor coding. It should be pointed out that such mechanisms can be also applied in DVB-H [8] .
In this paper, we derive a theoretical framework to evaluate the shadowing fading margin reduction that can be achieved in a generic terrestrial broadcast system with interburst upperlayer FEC (UL-FEC, i.e., either link or application layer [9] ). Numerical results are validated with DVB-H/SH figures. Physical-layer FEC is out of the scope of this paper. See the DVB-SH implementation guidelines [6] for performance comparison details with link-layer FEC.
The rest of this paper is structured as follows: Section II describes and formulates the problem. It explains how the shadowing fading margin is computed and illustrates the potential gain that can be achieved with interburst FEC. Section III presents a theoretical framework to compute the fading margin reduction for streaming delivery with interburst FEC for the case of uncorrelated shadowing. Section IV extends the framework presented in Section III for the more generic case of correlated shadowing. In Section V, the theoretical results are validated with DVB-H/SH laboratory measurements. Section VI discusses how to apply the proposed framework for file download services. Finally, we give some concluding remarks in Section VII.
II. PROBLEM DESCRIPTION
We consider a generic terrestrial mobile broadcast system with time slicing, where the different services are transmitted at the same frequency but in different time slots (bursts). Without loss of generality, we assume that the cycle time between bursts of the same service is constant. The system is characterized by a receiver sensitivity, which is the minimum signal level at which reception is possible. Fast fading is assumed to be eliminated at the physical layer with some form of FEC and short time interleaving during the burst duration. Shadowing is assumed to remain constant during this time. It is worth to note that these assumptions are commonly accepted in DVB-H and DVB-SH. Their physical-layer FEC has a brick-wall characteristic that corrects above a certain signal-to-noise ratio (SNR) threshold but fails below, and the burst duration is on the order of few hundreds of milliseconds.
The variations of shadowing in decibels are described by a zero-mean Gaussian random variable with standard deviation σ l and correlation distance d corr [1] . The shadowing standard deviation is known as the location variability, and it determines the spread of the signal field strength around the mean value. Values typically used for terrestrial outdoor broadcasting signals are 5.5 dB in the ultrahigh-frequency band and 8 dB in the S band [10] . On the other hand, the spatial correlation is usually modeled as a first-order exponential model [11] , i.e.,
where d corr is the distance taken for the autocorrelation to fall by e −1 . Typical values range from 20 to 100 m, depending on the environment surrounding the receiver [1] .
Shadowing makes coverage prediction statistical, such that what is predicted is the signal availability rather than the signal level (see Fig. 1 ). The outage probability at a single reception point with an average signal level SNR is equal to the probability that shadowing increases the mean path loss by at least SNR − SNR th (in decibels), where SNR th is the required SNR threshold for the system. The outage probability can be computed as
where the Q(·) function is the complementary cumulative normal distribution
The shadowing fading margin that is required to assure reliable communication with a given probability, which is also known as the correction location factor in broadcasting C l [10] , is usually expressed as the product of shadowing standard deviation σ l and correction coefficient μ, i.e.,
The value of correction coefficient μ depends only on the target coverage probability. It takes the value of 0 for 50%, 0.52 for 70%, 1.28 for 90%, 1.64 for 95%, and 2.33 for 99% [10] . Typical coverage probability targets in DVB-H and DVB-SH (terrestrial) are 95% for good pedestrian reception and 99% for good vehicular reception.
We consider an ideal systematic FEC erasure code operating above the physical layer that produces repair packets that are sent along with the original source packets to compensate for potential losses due to shadowing. 2 The original multimedia stream is divided into source blocks, which are treated and encoded independently. The interburst UL-FEC configuration parameters are the ratio of source information to the total amount of source and repair data transmitted, which is commonly known as code rate CR, and the number of bursts jointly encoded, which is denoted here as protection period PP. An illustrative example is depicted in Fig. 2 .
The error correction capability of interburst UL-FEC in terms of the percentage of erroneous bursts that can be corrected within each protection period depends only on the code rate. The more repair data are transmitted, the more robust the transmission (at the expense of a decreased system capacity). However, the transmission robustness also depends on the protection period. In general, the longer the interleaving depth, the more robust the transmission (at the expense of an increased latency and larger memory capabilities at the terminals). In practice, depending on the channel, the reception speed, and the code rate, there is a point where no visible gain is achieved by increasing the interleaving depth.
In the example shown in Fig. 2 , a code rate 2/3 can correct up to 33% errors, and thus, it will be possible to recover from one erroneous burst out of three (for PP 3), two erroneous bursts out of six (for PP 6), and so on, as soon as all other bursts within the protection period are correctly received.
Interburst UL-FEC reduces the fading margin required to cope with shadowing because the probability of correctly receiving a burst, henceforth denoted service availability, is higher than the coverage probability (percentage of covered locations with an average signal level higher than the receiver sensitivity). This gain stems from the time diversity of the mobile channel due to the mobility of the users. Therefore, for a given scenario and transmission configuration (code rate and protection period), the gain depends on the user trajectory and velocity [12] .
In this case, the analysis can be easily derived analytically using the well-known Gilbert-Elliott (GE) channel model (see Fig. 3 ). The GE model dates back to the early 1960s [13] , [14] . In this model, the channel is assumed to be either in a good state, where the error rate is small, or in a bad state, where the error rate is large. The good and bad states are denoted G and B, respectively, and the probabilities that the channel changes from the good state to the bad state and vice versa are denoted b and g, respectively. We further assume that the probability of erasure is 1 in the bad state and 0 in the good state. The stationary probabilities that the channel is in the good state, i.e., P ∞ (G), and in the bad state, i.e., P ∞ (B), are
III. THEORETICAL ANALYSIS FOR STREAMING DELIVERY WITH UNCORRELATED SHADOWING
A. Analytical Framework
The maximum reduction of the shadowing fading margin occurs when there is no shadowing correlation between reception conditions of consecutive bursts. In this case, the GE channel is memoryless, and the probability of being in the good or bad state is independent of the previous state. The GE channel becomes memoryless when g + b = 1. Therefore, g and b are the coverage and outage probabilities, respectively.
Under these conditions, if the GE channel is observed at n consecutive instants of time, the probability that the channel is in the bad state d
With interburst UL-FEC, given code rate CR and protection period PP, the minimum number of bursts needed to decode a source data block, i.e., n min , can be computed as
where · is the ceiling function. Finally, service availability S av , which is defined as the probability of receiving a burst correctly after interburst UL-FEC decoding, can be computed using (6) as
Note that the second term in (8) covers all the cases where interburst UL-FEC decoding is not successful. Fig. 4 shows the service availability as a function of the coverage probability for interburst UL-FEC with code rate 2/3 for different protection periods. The case without UL-FEC (CR 1, PP 1) is also shown for comparison. In this case, the service availability is equal to the coverage probability.
B. Analytical Results
In the figure, we can see how the service availability perceived by the users with interburst UL-FEC is considerably increased compared with the reference case and that the improvement depends on the protection period and the coverage probability. It should be noted that increasing the interleaving depth (protection period) is only beneficial when the code rate is robust enough to correct the total number of errors (i.e., for coverage probabilities above 66% in the figure) . Otherwise, the performance is reduced.
From the results shown in Fig. 4 , a new distribution factor μ for computing the fading margin as in (4) can be obtained. Therefore, the fading margin reduction depends on the code rate, protection period, and target service availability, and it is directly proportional to the standard deviation of shadowing. Fig. 5 presents the fading margin reduction as a function of the protection period for different UL-FEC code rates (σ l is 5.5 dB, and the service availability is 95%). In this case, the fading margin without interburst UL-FEC would be 9 dB. We can see that the reduction increases for more robust code rates and for larger protection periods. The potential gain is very significant even for short interleaving depths, particularly for code rates 1/2 and 2/3 (almost 5-and 4-dB reductions for protection periods of only two and three bursts, respectively). Finally, we want to point out that the reduction increases not only for larger values of the standard deviation of shadowing (e.g., for σ l 8 dB, reductions are 45% larger than those for 5.5 dB) but for more demanding service probabilities as well. For example, for 99% service availability, the reduction is between 1 and 3 dB larger than the values shown in Fig. 5 .
IV. THEORETICAL ANALYSIS FOR STREAMING DELIVERY WITH CORRELATED SHADOWING
The shadowing correlation between consecutive bursts depends on the shadowing correlation distance, the cycle time between bursts, and the user velocity [see (1) ]. In general, the assumption that shadowing is uncorrelated between consecutive bursts does not apply in most cases. Typical cycle time values for mobile television streaming services in DVB-H/SH are in the range of 1 to few seconds. Therefore, only users with very high speeds experience uncorrelated shadowing between consecutive bursts, and the fading margin reduction is, in practice, smaller than the values presented in the previous section. The gain decreases for larger shadowing correlation distances, smaller user velocities, and cycle time values. Nevertheless, it should be clear that the maximum reduction does not depend on these parameters. These parameters basically determine the level of time interleaving depth required to achieve a target shadowing fading margin. Indeed, all three parameters can be combined into one: the ratio between the moved distance by the user during the cycle time and the shadowing correlation distance.
A. Analytical Framework
In case there is a correlation between consecutive bursts, the GE channel is no longer memoryless, and the probability of being in the good or bad state depends on the previous state (i.e., g + b = 1). The parameters of the GE channel can be obtained by taking into account that the GE has an exponential correlation function like shadowing [15] . At time m, the correlation function of the GE channel, i.e., ρ(m), is equal to
Comparing (1) and (9), it follows that
where v is the receiver velocity, and T c is the time step used in the discrete time GE model (i.e., the cycle time between bursts).
Comparing (2) and (5), we obtain
Using (12) and (13), GE parameters b and g are easily determined. Note that ratio b/(g + b) does not depend on the dynamics of the channel. It is also intuitively clear that the GE channel become closer to being memoryless for larger T c or v and for smaller d corr .
For the correlated GE channel, the probability distribution for being in the bad state d times out of n, 0 ≤ d ≤ n is given by
where P n (d|GG) is the conditional probability of being d times in the bad state out of n, conditioned on being in the good state in both the first and the last instants of time. The other conditional probabilities are defined accordingly. They can be computed as (for details and demonstration, see [16] )
B. Analytical Results
Fig . 6 shows the fading margin reduction achieved with interburst UL-FEC with a code rate 2/3 for the case of correlated shadowing (σ l 5.5 dB), as a function of the interleaving depth for different (v · T c )/d corr ratios. The service availability is 95%. We can see how the reduction decreases when the correlation between consecutive bursts increases.
It should be noted that there is no gain by performing an interburst UL-FEC protection of the transmission for fully static reception conditions (i.e., (v · T c )/d corr = 0), as users either receive all content or nothing. Fig. 7(a) compares the theoretical fading margin results shown in Fig. 5 for uncorrelated shadowing (dashed lines) with laboratory measurement results for DVB-H (solid lines). The DVB-H transmission mode employed in the measurements is fast Fourier transform (FFT) size 8K, guard interval 1/4, modulation 16-quadrature-amplitude modulation, code rate 1/2, and for an ideal interburst UL-FEC code in the upper link or application layers (burst size 2 Mb). The channel model employed is the typical urban six-tap TU6 channel model for 10-Hz Doppler (18 km/h at 600 MHz). This channel model is representative for DVB-H vehicular reception [2] , and it includes the time-variant small-scale fluctuations of the received signal due to receiver mobility (i.e., fast fading). The shadowing component is modeled by adding to the mean SNR of every burst an uncorrelated lognormal component with a 5.5-dB standard deviation.
V. VALIDATION RESULTS
A. DVB-H Results
In the Fig. 7(a) , we can see that the laboratory DVB-H measurement results resemble to some extent the theoretical results (the maximum difference is about 1 dB). The differences are due to the fact that fast fading is not completely eliminated at the DVB-H physical layer because there is no time interleaver [2] . Hence, the interburst UL-FEC code copes not only with completely erroneous bursts due to shadowing but with partial received bursts due to fast fading as well [8] . As a consequence, some parity data are employed to repair partially received bursts, reducing the protection against shadowing.
However, interburst UL-FEC in DVB-H also reduces the fading margin required to cope with fast fading, and this reduction can even exceed the potential reduction of the fading margin due to shadowing. This occurs for high code rates, where the percentage of completely lost bursts that can be recovered is rather small (e.g., for a code rate 7/8, only one out of eight bursts can be repaired if the remaining seven bursts are received without errors) and when the shadowing correlation between consecutive bursts is high. On the other side, for robust code rates such as 1/2, the potential reduction of the fading margin of only due to shadowing interburst UL-FEC is higher than the fading margin reduction obtained in DVB-H due to both fast fading and shadowing. The difference is larger for shorter interleaving depths as the influence of partially receiving a burst is more significant. In Fig. 7(b) , we can see that the laboratory DVB-SH measurement results coincide with the theoretical results. The reason is that the assumption that fast fading is completely eliminated at the physical layer holds for DVB-SH. In the figure, we can also see that there are values for the protection period where the fading margin reduction is maximized. The reason is that the percentage of bursts that can be recovered is maximum (and equal to the proportion of parity data transmitted) for values of the protection period that are multiple of n, being k/n the code rate.
B. DVB-SH Results
VI. DISCUSSION ON FILE DOWNLOAD SERVICES
File download services consist of the delivery of a finite amount of data that are stored into the terminals as a file. Typically, an error-free reception of the files is required, as even a single bit error can corrupt the whole file and make it useless for the receiver. Hence, file delivery in a generic time-sliced mobile broadcast system without interburst UL-FEC implies that all bursts where the file is partitioned must be correctly received. Large files spanning several bursts are thus more difficult to deliver as it is more likely to lose at least one burst.
In the following, we extend the theoretical framework to file download services for the case of uncorrelated shadowing. The case of correlated shadowing can be straightforwardly derived in a similar manner than for streaming services, as shown in Section IV (see [15] ). Assuming that each burst experiences uncorrelated shadowing, the probability of successfully receiving the file, which is denoted by file acquisition probability F acq , can be computed as
where g is the coverage probability, and F s is the file size in number of bursts. We can see that the acquisition probability exponentially decreases with the file size. In lossy environments, the complete file may not be fully received by most users during the initial file transmission since some bursts may be lost. In these cases, one common approach is to repeatedly transmit the file in a carousel.
If the file is transmitted n times, the file acquisition probability becomes
where b is the outage probability. The problem of transmitting the file in a carousel with repetitions is that users may receive duplicate packets that are useless. If a user misses a single packet, he must wait until that specific packet is retransmitted and correctly received, discarding, in the meantime, packets already received. In contrast, with interburst UL-FEC, if a single FEC code word is applied over the entire file, all source and repair packets are useful. It makes no difference which packets are received, and terminals never receive duplicate data. The file acquisition probability can be computed as
where PP = F s /CR is the total number of source and repair bursts transmitted. Fig. 8 shows the file acquisition probability as a function of the coverage probability for different file sizes for several delivery cases. In particular, the reference case without interburst UL-FEC and without retransmissions, the case with one file retransmission, and the case with interburst UL-FEC with 1/2 code rate are shown. Fading margin values can be obtained in a similar manner than for streaming services, as explained in Section II, but using the file acquisition probability instead of the service availability.
In Fig. 8(a) , we can see that, without interburst UL-FEC and without repetitions, an efficient file delivery is only possible within the service area where the coverage probability is close to 1. Hence, for this delivery case, larger fading margins are required than for conventional streaming services.
When retransmitting the file once, the acquisition probability increases [see Fig. 8(b) ]. However, the performance is still poor for large file sizes and/or for not so high coverage probabilities. Compared with retransmissions, interburst UL-FEC results in a much more efficient delivery of files because all correctly received packets are useful to the receivers. The gain can be translated into a reduction of the transmission time, where it is possible to deliver more content (files) with the same bandwidth, or into a reduction of the required fading margin.
The effect of correlated shadowing when interburst UL-FEC is employed is the same as for streaming services (see Section IV). That is, the performance (acquisition probability) decreases when the correlation increases. File retransmissions also suffer a similar degradation. However, this is not true for the initial file transmission without interburst UL-FEC, as in this case, the acquisition probability increases with the correlation toward the coverage probability.
VII. CONCLUSION
In this paper, we have analytically evaluated the potential reduction of the required fading margin to cope with shadowing that can be achieved with interburst UL-FEC in a generic timesliced terrestrial mobile broadcast system. Results have been validated with DVB-H/SH laboratory measurements.
Interburst UL-FEC exploits the time diversity of the mobile channel to recover from temporary losses, increasing the service availability compared with the coverage probability. Hence, for a target service availability level, the required coverage probability is reduced, which yields a lower shadowing fading margin. The gain increases for more robust code rates, for longer interleaving, and for more demanding service availabilities, and it is directly proportional to the shadowing standard deviation. The potential gain is very significant even for short interleaving depths for robust code rates such as 1/2 or 2/3. However, the gain depends on the statistical correlation of shadowing between consecutive bursts. The lower the correlation, the higher the gain. For a given scenario and transmission configuration, the gain depends on the user velocity. Interburst UL-FEC is thus particularly suited for vehicular users due to their high speeds, whereas lower gains can be expected for pedestrian users due to their reduced mobility. In any case, very important gains are feasible for background services where a relatively large latency is not an issue, as it is possible to encode large amounts of bursts jointly or to reduce the correlation level between reception conditions of consecutive bursts by increasing the cycle time between bursts. File download services fall in this category of services, and they can, in general, fully exploit the benefits of interburst UL-FEC. On the other hand, for streaming services, it is necessary to establish an adequate tradeoff between the protection provided by interburst UL-FEC and the latency introduced in the system as it may compromise the user experience.
